Stable cold pools in California's Central Valley (CV) are conducive to freezing temperatures, high relative humidity and, in some cases, fog. In this study it will be shown that the Weather Research and Forecasting (WRF) model as commonly configured cannot reproduce such conditions due to a persistent warm and dry bias near the surface. It was found that removing horizontal diffusion, which by default operates on model levels and thus up and down the valley's sides, can reduce but not entirely fix the problem. Other improvements include enhancing the near-surface vertical resolution and the surfaceair coupling as both directly control the surface fluxes, especially evaporation. However, these alterations actually have the largest impact in the forested region surrounding the Central Valley, and influence the nighttime relative humidity in the CV only indirectly via nocturnal drainage flows. While it is not clear how realistic the increased evaporation in the forest or the drainage flows are, we show how and why these alterations result in significantly improved relative humidity reconstructions within the Central Valley.
Introduction
simulation but is discarded. Offline HRLDAS simulations were initialized from the NAM model on 1 January 2004 and integrated through the end of our interest period. 139 Observation data were collected from the Meteorological Assimilation Data Ingest System 140 (MADIS). Our principal focus is on the surface Automated Surface Observing System (ASOS) and 141 Automated Weather Observing System (AWOS) stations (hereafter jointly referenced as "ASOS") 142 displayed as red dots in Fig. 1 . As we are modeling cold pools in California's CV, we will focus 143 on statistics averaged over the stations within the white polygon, the "CV subset". Comparisons humidity values were extremely moist -upwards of 90% -during this period and the variation 150 among observations was quite small. In contrast, the RH diagnosed from the Default WRF sim-151 ulation is several standard deviations too low, with an average bias during the period of −26% 152 (see Table 2 ). Only slightly better, despite it being the best of these reconstructions, is the run that It should be noted that (as revealed later) the large errors seen during this time interval are quite
Here, k is the von Kármán constant, z 1 is the height of the first model level above the surface, z 0T is 191 the so-called thermal roughness length, and ψ H is the stability function for heat (Shin et al. 2012) .
192
This exchange coefficient, along with the vertical temperature/moisture gradient, directly controls 193 the surface sensible and latent heat fluxes. 194 Chen and Zhang (2009) found that the Noah LSM underestimated values of C h in forested re-195 gions while simultaneously overestimating it in more barren landscapes. In order to account for 196 the changes in coupling strength owing to vegetation heights, they suggested modifications to z 0T 197 that improved simulations verified against data from the AmeriFlux network of sites providing au-198 tomated and handmade measurements of ecosystem carbon, water, and energy fluxes. Simulations 199 presented in this paper also ostensibly benefited from this option and will be discussed in depth 200 2 Partly as a consequence of this research, the diff opt= 2 option has been modified in the WRF model to restrict mixing where terrain gradients are large. While this helps avoid the instabilities noted above, we have found the results with this new version be immaterially different from those neglecting horizontal mixing entirely (diff opt = 0).
presently. We will refer to this option as "IZ0TLND", as it is referred to in the WRF namelist, and abbreviate it to "IZ0".
202

SHIFTED LEVELS
203
The third area of improvement focuses on the height of the lowest model level for horizontal 204 wind and scalars. By default, the WRF real.exe program fixes this level at σ = 0.993, which is 205 approximately 27 m above the surface, independent of the number of vertical levels requested. For 206 some simulations, the lowest sigma value is altered to σ = 0.997, which is approximately 13 m 207 AGL. In those runs, the next 4 model levels are also shifted downwards so there is no large change 208 in resolution (see Table 1 ). This acts to increase the resolution at the surface while decreasing it
209
-albeit only slightly -farther aloft as no additional levels are added. Among other things, this 210 modification, which will sometimes be referred to as "shift" or "shifted levels", causes a change 211 in the energy balance, as discussed below. the dew point too low, especially during the overnight hours, resulting in the substantial negative 217 RH bias noted previously (see also might suggest that the top-level soils remain too dry in the CV, even in the wettest soil source 248 (ERA-Interim). The analysis below, however, leads to a somewhat different conclusion. and implementing IZ0TLND individually effect smaller (0.15 K) and larger (0.9 K) improvements, 284 but these combine to reduce the dry bias by an even more substantial amount (1.5 K). Clearly, 285 shifting the lowest model levels downward has a larger positive impact when IZ0TLND is also 286 employed.
287
Furthermore, the magnitude of the improvement realized by combining IZ0TLND with shifted 288 levels is larger than might be anticipated from Fig. 5b 
where g is the gravitational acceleration due to the earth's mass, θ is the potential temperature, z 325 is height, and U is the total horizontal wind speed.
326 Figure 8 shows the BRi averaged over hours falling between 03 and 12 UTC, the middle of the 327 nighttime period, for IZ0TLND simulations with and without shifting the model levels downward.
328
Note that with the shift, a substantially larger portion of the foothills surrounding the Central (1) and, as one can imagine, shifting to a less stable 334 regime would act to increase the exchange coefficient and the subsequent surface fluxes.
335
In the mechanically damped turbulence regime, the stability function ψ H is reduced from its sta-336 ble regime value by a factor depending on BRi. It was hypothesized that if ψ H were not reduced 337 in the mechanically damped turbulence regime that differences between simulations utilizing the 338 default and shifted levels would effectively disappear. This was found to be true, as demonstrated 339 in Fig. 9 . Here, the relative humidity is shown for the CV subset for simulations using the default e. Is the IZ0TLND evaporation enhancement realistic? 346 We have shown that a key element in mitigating the nocturnal CV dry bias is increasing evapora-347 tion in the surrounding forest during the nighttime hours via the IZ0TLND option. This subsection 348 is concerned with the realism of the simulated evaporation rates, in the CV and the surrounding 349 terrain, as we are leery of getting a better simulation for the wrong reason. It is important to tackle 350 this problem but, regrettably, a clear answer does not emerge so further research is needed.
351
A significant, practical issue is that observations of evaporation rates are scarce, especially dur- content at nearly all CV ASOS stations as well as at the three AmeriFlux sites (see Fig. 4a ) and 359 thus the highest latent heat fluxes among the simulations. This source also results in the smallest 360 dew point errors in the CV (Table 3) .
361
The Tonzi and Vaira sites are represented by the same model grid point since they are roughly 3 362 km apart. However, they have different local land covers, which might explain why the observa-363 tions do not agree consistently during the afternoon hours (Fig. 10a) . Nevertheless, the NARRera- That the IZ0TLND option most dramatically influences forested regions is again demonstrated 369 in the Blodgett Forest (Fig. 10b) series. Here, the simulation with IZ0TLND and shifted levels ap-370 pears to consistently overpredict evaporation rates, particularly during the critical nighttime hours.
371
This raises the possibility that the IZ0TLND option is improving our simulations for an improper 372 reason. However, one should keep in mind that the Blodgett Forest is the only AmeriFlux site 373 surrounding the CV with data during this time period, that there may be many more reasons why 374 evaporation is being overpredicted at this one particular point, and that it might not be representa-375 tive of the high Sierra as a whole. As the amount of available data is extremely small, it would be 376 very dangerous to extrapolate this result too far. Instead, it should be noted that we have demon-377 strated how and why the IZ0TLND option influences CV dew points and that it is a lot less direct 378 and potentially more interesting than might initially be guessed.
379
In any event, to get a better understanding as to whether or not this increased evaporation is Fig. 2 . Observed and modeled RH at 2 m AGL for the CV subset (Fig. 1) between 5-8 December.
579
One standard deviation range around mean observed RH is also shown. All simulations 580 used the NARR atmospheric initialization with the Noah LSM and YSU PBL. Simulations 581 labeled "nam", "spun" and "era" were initialized with NAM, HRLDAS and ERA-Interim 
CV subset stations: Noah/YSU NARR simulations
